Human behavioral studies have shown that nitrous oxide, in subanesthetic concentrations, impairs psychomotor function, cognitive performance, and learning and memory processes. However, the cerebral mechanisms of such effects remain unknown. Positron emission tomography (PET) was used to map the brain areas associated with nitrous oxide effects. Regional cerebral blood flow (rCBF) was measured in eight volunteers, during room air (control) or 20% nitrous oxide (nitrous oxide) inhalation using i50-water, to reflect regional neuronal activity. To control for the possibility that 20% nitrous oxide uncoupled cerebral blood flow and metabolism, in four of the subjects, regional cerebral metabolic rate (rCMR) was also measured using i8F-deoxyglucose during the two experimental conditions. Results of rCBF and rCMR scans were compared between conditions using the statistical parametric mapping method, and areas of nitrous oxiderelated activation or deactivation were identified at a significance level of 0.005. Percent changes in rCBF scan pixels from these activated or deactivated areas were then compared with those of stereotactically corresponding rCMR scan pixels with t statistics (P < 0.05 was defined as a significant difference). It was found that cerebral blood flow and metabolism were not uncoupled by 20% nitrous oxide, since percent changes in rCBF and rCMR, detected during nitrous oxide inhalation, did not differ significantly from each other (P < 0.05). Nitrous oxide inhalation was associated with significant activation in the anterior cingulate cortex, a limbic area known to mediate psychomotor and cognitive processes. Deactivation was found in the posterior cingulate, hippocampus, parahippocampal gyrus, and visual association cortices in both hemispheres; the former two regions are known to mediate learning and memory. These areas identified by PET in vivo may provide the neuroanatomical basis for the behavioral responses associated with subanesthetic nitrous oxide inhalation.
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(Anesth Analg 1996;83:291-8) D espite its limited potency, nitrous oxide is the most widely used inhaled general anesthetic (1). Subanesthetic concentrations (i.e., 20%-30% atm) are also used extensively in dentistry and minor surgery for sedation, amnesia, and analgesia. Human behavioral studies indicate that nitrous oxide, in this same concentration range, depresses psychomotor function (2), cognition (31, learning, and memory (4), but the neuroanatomic substrates of these effects are essentially unknown. Quantitative local cerebral glucose utilization has been measured in animals during nitrous oxide inhalation (5-7), but Supported by a Clinical Research Scholar Award from the International Anesthesia Research Society (LLF), the University Anesthesiology and Critical Care Medicine Foundation, and the UPMC PET Facility.
Accepted for publication April 2, 1996. Address correspondence and reprint requests to Leonard L. Firestone, MD, Department of Anesthesiology/Critical Care Medicine, A1305 Scaife Hall, University of Pittsburgh, Pittsburgh, PA 15261. only minimal regional changes were revealed due to substantial interindividual variance in global glucose metabolic rate.
Recent advances in functional brain imaging now provide an opportunity to identify, noninvasively, brain areas affected by nitrous oxide in humans, and positron emission tomography (PET) is among the best tools for measuring changes in brain activity in vivo. Based on the Kety-Schmidt technique (81, where flow-dependent accumulation or disappearance of a bolus-injected, freely diffusable tracer is used to measure regional cerebral blood flow (rCBF) (9), PET uses i50-water as the tracer because its relatively short half-life (-2 min) translates into a relatively high temporal resolution for rCBF alterations. The alterations in rCBF, in turn, are interpreted as reflecting temporally related changes in neuronal activity (10). Thus, we undertook to identify brain regions where activity changed in response to nitrous oxide inhalation and to correlate these regions with areas associated with behaviors most affected by nitrous oxide. A low concentration (20%) was used to avoid global metabolic changes. To ensure that alterations in rCBF truly represented alterations in neuronal activity, the effect of 20% nitrous oxide on cerebral blood flowmetabolism cou deoxyglucose ( *H ling was separately assessed by "F-FDG) PET scanning. This adaptation of the technique of Sokoloff et al. (11) to measure regional cerebral metabolic rate (rCMR) uses deoxyglucose labeled with the positron emitter i8F; this substrate is trapped within neurons at a rate directly proportional to their metabolic activity (12). Since "F has a half-life of 110 minutes and is only slowly taken up into neurons, '*FDG PET scanning monitors rCMR with much less temporal resolution than rCBF is monitored by 150-water. However, this disparity does not limit the validity of rCBF-rCMR comparisons, since in the present experiment a constant brain concentration of nitrous oxide is maintained for the entire duration of i*FDG PET scanning.
Methods
Written, informed consent was obtained from eight right-handed healthy volunteers (five women, three men) with a mean age of 29.5 yr (range, 21-46 yr). The protocol was approved by the University of Pittsburgh Institutional Review Board (IRB #931063) and Radioactive Drug Review Committee. Subjects had no history of a psychotic or mood disorder or substance abuse. Serum pregnancy tests were negative for all female volunteers.
Subjects were studied under two experimental conditions. During experiments all subjects were supine with their gaze fixed on a crosshair image projected on an overhead computer screen. In the control condition, subjects inhaled room air, while in the nitrous oxide condition, the inhaled mixture contained 20% atm of nitrous oxide, 30% atm oxygen, balance room air.
To assess whether nitrous oxide affected rCBFrCMR coupling, both were separately assayed under control and nitrous oxide conditions in the initial four subjects. Specifically, two rCBF PET scans and one rCMR scan were obtained during both conditions using i50-water (13) and "FDG (12) as radiotracers, respectively.
In each of the remaining four subjects, only two rCBF scans were obtained during the control and nitrous oxide conditions. Values obtained during the two rCBF scans were averaged for each subject for each condition, and these averages were then statistically compared. In all subjects, the control condition always preceded nitrous oxide administration.
Cranial PET scans were performed with a Siemens 951R/31 scanner (Siemens Medical Systems, Hoffman Estates, IL), with an inherent detector resolution of approximately 6 mm full-width half-maximum (FWHM), by collecting 31 parallel slices over an axial field of view of 10.8 cm in both axial and transaxial directions. Each subject was positioned in the scanner to optimize cerebral images, with the lowest image plane approximately parallel to, and 1 cm above, the canthomeatal line. A transmission scan, collected during exposure of a 68Ge/68Ga ring source, was used to correct for radiation attenuation by the tissues of the head. Scans were reconstructed with a Hanning 0.5 filter, giving a transaxial resolution of 8.5 mm FWHM. The reconstructed PET images contained 128 X 128 pixels, each 2.05 X 2.05 mm.
For rCBF scans, 20 s after bolus injection of 50 mCi H2150, a 60-s data acquisition interval was started (14). At least 12 min elapsed between each H,i50 scan and between H,i50 and subsequent "FDG scans to allow radioactivity to decay to background levels. For each rCMR scan, 5 mCi of 18FDG was injected by intravenous bolus followed by a 40-min period during which uptake and metabolic trapping of "FDG in the brain are nearly complete (11,151. A 20-min scanning period was then begun.
Nitrous oxide administration began at least 15 min before PET scanning to achieve steady-state maximum pulmonary alveolar and brain concentrations, which were maintained during the entire scanning session and verified by a laser gas monitor (Rascal II; Ohmeda, Salt Lake City, UT). Inhaled gas mixtures were delivered through a conventional semiclosed anesthesia circuit system using a tight-fitting, soft plastic face mask and monitored during both inspiration and expiration. Other physiologic variables monitored included noninvasive blood pressure, electrocardiogram, arterial oxygen saturation, and end-tidal carbon dioxide.
PET scan images are reconstructed using measured attenuation factors and aligned to each other to correct for small head movements during the session (16). rCBF and rCMR images are processed using statistical parametric mapping (SPM), which allows image averaging across subjects for a given experimental condition (17,18). Specifically, to reduce differences in brain position, size, and shape, individual rCBF and rCMR images are stereotactically normalized (resealed) to conform to the standard stereotactic space defined by the atlas of Talairach and Tournoux (19). This stereotactic space is now the international standard for communicating PET results. Positional differences are also removed by reorienting the individual rCBF and rCMR images to a standard line passing through the anterior and posterior commissures (AC-PC line). Images are then smoothed with a three-dimensional Gaussian filter (20 mm X 20 mm X 12 mm in the x, y, and z axes, respectively) to increase the signal-to-noise ratio and accommodate normal variability in functional and gyral anatomy. The next component of intersubject rCBF and rCMR averaging is normalization for differences in global CBF and CMR between PET MAPPING OF HUMAN LIMBIC RESPONSES TO N,O subjects and conditions using analysis of covariance with global CBF and CMR as independent variables and rCBF and rCMR as dependent variables (17). This process, together with the stereotactic normalization, generates group mean rCBF and rCMR images for the control and nitrous oxide conditions. The pixel values from these images, with their adjusted variances, are used for further statistical analysis.
To identify brain areas of nitrous oxide-related activity changes, comparisons between rCBF and rCMR for the control and nitrous oxide conditions are performed on a pixel-by-pixel basis using t statistics, as reported previously (18). For regions of activation or deactivation to be considered significant, three separate criteria had to be fulfilled: 1) P values of differences in pixel values between conditions had to be < 0.005; 2) the number of pixels achieving significance in the pixel-by-pixel t-test had to exceed the number of significant pixels expected to reach significance by chance, as tested by ,$ analysis; and 3) the significant pixels also had to form a confluent group extending over more than one transverse image slice. T statistic values (t scores) are converted to z scores to allow comparisons independent of degrees of freedom. To detect whether there is rCBF-CMR uncoupling in areas where significant nitrous oxide-associated blood flow increases and decreases are identified in the averaged rCBF image of all eight volunteers, the averaged rCBF and rCMR scans of the first four subjects are assessed for differences on a pixel-by-pixel basis with "point analysis." Specifically, in the averaged rCBF and rCMR data sets of the initial four subjects, the mean percentage changes of rCBF scan pixels, which show the most robust changes in the averaged rCBF scan pixels of all eight volunteers, are compared with those of stereotactically corresponding rCMR scan pixels by t-tests, using a P level of 0.05 to define significance.
In addition to the standard SPM method for statistical analysis, which identifies areas of significant changes according to the standard stereotactic coordinates of Talairach and Tournoux and is also used for point analysis, rCBF scans of all eight subjects are aligned with magnetic resonance images (MRIs) to more accurately verify and display the anatomic locations of nitrous oxide-associated activated and deactivated areas. Specifically, this yields horizontal PET image slices depicting statistically significant activated or deactivated areas associated with nitrous oxide administration superimposed upon the corresponding MRI slices. The PET images are actually parametric maps resulting from the pixel-by-pixel comparison of group rCBF PET images for both conditions; the coregistered MRI scan is derived from the volunteer whose brain size and shape differs least from the standard stereotactic atlas of Talairach and Tournoux based on visual inspection. Two-dimensional cranial MRI scans of each subject are obtained using a 1.5-T G.E. Signa system.
Three-millimeter thick axial slices, without interslice gap, are obtained using a multiechomultiplanar pulse sequence with the following parameters: repetition time, 400 ms; echo time, 18 ms; acquisition matrix, 256 X 196; number of ethos, 2; field of view, 20 cm; spatial resolution, 7 mm FWHM. Intersubject averaging of nitrous oxide's effects requires stereotactic normalization of individual rCBF PET images, as well as normalization of global CBF differences between subjects and experimental conditions. Such stereotactic normalization is performed by mathematical registration of PET image data from each subject to their own MRI data set using the algorithm and software described by Woods et al. (20) . Next, one subject's MRI data set is selected as a reference MRI for all the other subjects, reoriented to the AC-PC line using Ecat software (Siemens/CTI PET Systems, Knoxville, TN), and resliced to yield the same pixel size, slice thickness, and orientation as the PET images. Each of the other MRI data sets is then mathematically registered to this reference image using the transformation technique developed by Woods et al. (21). This is followed by registration of individual PET images into the reference MRI coordinate system with matrix transformation, using the parameters for the intrasubject PET-to-MRI registration and the intersubject MRI-to-MRI transformation (21). After conversion of each individual PET and MRI data set to this common MRI coordinate system, all PET images are normalized to an arbitrary global value and smoothed by a three-dimensional Gaussian filter, similar to the process used with SPM. The spatial and global CBF normalization facilitates averaging of rCBF pixel value differences and associated standard deviations between the conditions and across subjects. This process yields effect-size maps of nitrous oxide-associated activation and deactivation, where pixel values are derived from the mean rCBF increases and decreases, respectively, in each pixel, divided by the standard deviation of the change. Finally, the averaged functional data are superimposed on the common (anatomical) MRI, and a color scale is used to indicate the significance level of differences between conditions. z scores and P values are converted to colors to facilitate comparisons with SPM data.
Vital signs, consisting of blood pressure, heart rate, respiratory rate, arterial oxygen saturation, and endtidal carbon dioxide concentration, measured before and after each scan, were averaged across individuals for each experimental condition. These averages were compared between conditions with analysis of variance. 
Results
Point analysis of rCBF and rCMR scans revealed no significant (P < 0.05) differences between the 20% nitrous oxide-induced percentage increases in randomly selected pixels in the anterior cingulate cortex images (Table 1) . Similarly, no significant differences were found between the 20% nitrous oxide-induced percentage decreases in randomly selected pixels in the parahippocampal gyrus, hippocampus, and posterior cingulate cortex images ( Table 2 ). The cardiovascular and respiratory physiologic parameters were not significantly affected (P < 0.05) by administration of nitrous oxide (Table 3) .
Comparison of the rCBF profiles obtained during control and nitrous oxide conditions revealed multiple areas of significant (P < 0.005) nitrous oxide-induced activation (Table 1 and Fig. 1A ). These were localized by effect-size maps to the anterior cingulate cortex (areas 24 and 32; vertical extent: +4 to +36 mm relative to the AC-PC line) in both hemispheres. Comparison also revealed loci of significant bilateral deactivation (P < 0.001) in the posterior cingulate (areas 23,29, and 30; vertical extent: +8 to +12 mm relative to the AC-PC line), hippocampus, parahippocampal gyrus (areas 19 and 36; vertical extent relative to the AC-PC line: -20 to +4 mm), and visual association cortices (areas 18 and 19; vertical extent relative to AC-PC line: -8 to +28 mm; Table 2 and Fig. 1B and 10 .
Although subjective experiences were not measured, every volunteer reported some degree of sedation and euphoria, as well as altered perception of time and self-image, during nitrous oxide inhalation.
Discussion
This functional brain imaging study demonstrates that, although rCBF remained unaltered in most of the brain, there were certain localized brain responses noted during inhalation of 20% nitrous oxide in humans. Specifically, neuronal activation was identified in the anterior cingulate cortex bilaterally (areas 24 and 32) and deactivation was noted in the posterior cingulate (areas 23, 29, and 30), hippocampus, and parahippocampal (areas 19 and 36) and visual association (areas 18 and 19) cortices. Radioactivity dosimetry constraints precluded repeated PET measurements; thus, the results are limited to responses observed with a single concentration of nitrous oxide.
These findings contrast with the large, global cerebral metabolic rate (CMR) changes associated with higher concentrations of nitrous oxide by metabolic brain mapping in animals (6). In addition to the presence of other drugs (5,7) and a possible species-related confounder, methodologic differences prevent further useful comparisons between these studies. For example, since mean absolute CMR was used to map neuronal activity in these experiments (5-7), the variance in global CMR among individuals might eclipse any smaller regional changes. Nitrous oxide 70% has been reported variously to increase CMR significantly (22) or not (23), but it consistently increased CBF in these same studies to a similar degree, suggesting that flow and metabolism diverge with higher concentrations. In contrast, during 20% nitrous oxide inhalation, we found that rCBF and rCMR remain tightly coupled, validating that the rCBF changes associated with nitrous oxide administration properly reflect altered cerebral activity. Finally, it is unlikely that a physiological artifact stemming from changes in arterial carbon dioxide levels (24) could account for the results, since end-tidal carbon dioxide never changed.
Nitrous oxide 20% activated neurons in the anterior cingulate cortex. Recent human PET studies by our group (25) and others (26) have demonstrated a correlation between opioid-related anterior cingulate activation and pain relief, suggesting this area's involvement in opioid analgesia. The same might be true for nitrous oxide analgesia (27), since nitrous oxide acts to release methionine-enkephalin, /3-endorphin, and other opioid peptides (28,29). Several recent PET studies indicate that the anterior cingulate is also activated during cognitive tasks that involve words, spatial objects, or motor learning (30-32). Thus, perturbations at this locus could lead to the psychomotor and cognitive impairment observed in humans during inhalation of even low nitrous oxide concentrations (2,3). Activation of the anterior cingulate could be due to either local modulation or activation of afferents to the cingulate. The two primary limbic afferents to the anterior cingulate, the posterior cingulate and hippocampus, are deactivated by nitrous oxide, but increased activity could still result from activation of ventral tegmental area afferents as was demonstrated in animal experiments (33).
Nitrous oxide inhalation was also associated with deactivation in the posterior cingulate and the surrounding visual associative cortices. The posterior cingulate has been implicated in visual learning and memory, based on electrophysiological(34) and lesion studies (35). Human PET studies have documented activation in the retrosplenial cortex during visual pattern recognition tests (36) and memorization of historical dates (37). Thus, nitrous oxide-induced impairment of visual (38), word (4), and instruction recall (39) may be related to deactivation in the areas we describe.
Although few studies have addressed nitrous oxide's mechanism of action on a neural circuit level, there are data suggesting that depression of visual afferents by nitrous oxide might account for deactivation of the visual association cortex. Extracellular single-unit recordings (40) show that nitrous oxide proportionally decreases the firing of excitatory cells in the primary somatosensory and visual cortices and corresponding thalamic relay nuclei and increases the activity of inhibitory neurons in the same areas. It follows that net metabolic activity would not change in these areas, rendering them invisible to PET. The next level of processing, however, would demonstrate decreased activity due to suppressed afferent input, which, in principle, would be readily detectable by PET. Our findings generally support this mechanism. Specifically, subjects' gazes were fixed at a crosshair during scanning, but the room was otherwise quiet and comfortable, so the main sensory input was visual. The net metabolic activity of the thalamus (corpus geniculatum laterale) and primary visual cortex underwent little change, whereas that of the next Tables 1  and 2, respectively. Positron emission tomography and magnetic resonance imaging pixel size, slice thickness, and orientation are the same. The color scale has been adjusted to z score minimums of 2.32 (p anel A; P = 0.01) and 2.57 (panels B and C; P = 0.005) and a maximum of 3.09 (panels A, B, and C; P = 0.001). Note that the lower z score minimums allow visualization of the extent of activated and deactivated regions, while Tables 1 and 2 
